One hundred 4-week-old cesarean-derived colostrum-deprived pigs were inoculated with one of two different US porcine reproductive and respiratory syndrome virus (PRRSV) isolates (VR2385, VR243 1) or the European Lelystad virus to detect and compare the location and amount of virus antigen. Interstitial pneumonia, myocarditis, lymphadenopathy, and encephalitis were consistently seen in all three groups; however, disease and lesions were more severe in the VR2385 group. Immunohistochemical evaluation of formalin-fixed tissues revealed virus antigen in alveolar macrophages in lungs of 22/25, 14/25, 14/25, and 0/25 of the VR2385, VR243 1, Lelystad, and control pigs, respectively. Follicular macrophages and dendritic cells in the lymph nodes of 14/25, 10/25, 10/25, and 0/25 pigs from the VR2385, VR2431, Lelystad, and control groups, respectively, stained positive for virus antigen. Similar cells in the tonsils from 25/25, 21/25, 23/25, and 0/25 pigs from the VR2385, VR243 1, Lelystad, and control groups, respectively, stained positive for virus antigen. Other tissues and cells in which virus antigen was detected included macrophages and endothelial cells in the heart, macrophages, and interdigitating cells in the thymus, macrophages and dendritic cells in the spleen and Peyer's patches, and macrophages in hepatic sinusoids, renal medullary interstitium, and adrenal gland. PRRSV persisted in macrophages in the lung, tonsil, lymph node, and spleen for at least 28 days. Significantly more PRRSV antigen was detected in the lung (P < 0.01), lymph nodes (P 5 0.05), and tonsils (P < 0.05) of the VR2385 pigs than was detected in the same tissues of the VR2431 and Lelystad pigs. The cell types in which PRRSV antigen was detected and the distribution of PRRSV antigen-positive cells within particular tissues and organs were generally similar for the different virus inoculation groups despite differences in virulence of the isolates.
endothelial cells, 8 and macrophages in several other tis~ues.~,*J~ PRRSV antigen has been detected in the bronchiolar epithelium and type 2 pneumocytes by indirect immunofluorescent antibody examination of frozen tissue sections using polyclonal serum.26 A thorough comparison of the antigen distribution of different isolates in a common model as the disease progresses over an extended period of time has not been done. The purpose of this study was to compare the pathogenicity and antigen distribution of two US Halbur, Paul, Frey, Landgraf, Eernisse, Meng, Andrews, Lum, and Rathje PRRSV isolates (ATCC VR2385, ATCC VR243 1) and a European isolate (Lelystad virus).
Materials and Methods
Source of isolates VR2385 was isolated from a 160-sow herd in southwest Iowa. This herd experienced high numbers of late-term abortions (40/160 sows), severe respiratory disease in neonatal pigs, severe pneumonia and systemic disease in 3-1 6-weekold pigs, and high death loss in pigs < 16 weeks old. VR243 1 was isolated from a 120-sow farm in southeast Iowa that experienced one abortion and mild transient respiratory disease in 1-4-week-old pigs. LV was obtained by the National Veterinary Services Laboratories (from Dr. G. Wensvoort, Centraal Diergeneeskundig Institut, Lelystad, The Netherlands) as medium from the 1 1 th passage of the virus in swine alveolar macrophages.
Experimental design
One hundred cesarean-derived, colostrum-deprived pigs were purchased at 4 weeks of age. The pigs were randomly divided into four groups of 25 pigs each, and each group was randomly assigned to one of four treatments. The pigs were housed in four isolation buildings at the National Veterinary Services Laboratories. The four treatments included intranasal inoculation with cell culture containing one of three viruses (VR2385, VR2431, LV) or with uninfected cell culture medium. Two pigs from each group were necropsied at 1,2, 3, 5, 7, 15,2 1, and 28 days postinoculation (DPI). Nine pigs from each group were necropsied at 10 DPI.
Virus inocula preparation
Virus isolates from the Iowa field cases were plaque purified three times on CRL 1 1 17 1 cell monolayers. The LV was inoculated onto fresh CRL 11 17 1 cells and passaged twice more in the same cell line. All isolates were confirmed as PRRSV by reaction in an indirect immunofluorescent antibody assay with monoclonal antibody SDOW-17 (Dr. D. Benfield, South Dakota State University, Brookings, SD). Confluent monolayers of CRL 1 1 17 1 cells were inoculated with 3 x plaque-purified VR2385 or VR243 1 or with nonplaque-purified LV. Infected cultures were frozen (-70 C) when 60-809' 0 cytopathogenic effect was observed. Frozen material was thawed and diluted to a final challenge dose titer of lo4.* TCID,,/5 ml for VR2385, 104.8 TCID,,/5 ml for VR243 1, and 1 O5.I TCID,,/5 ml for LV. Challenge inocula consisted of VR2385 and VR2431 virus propagated to the sixth passage and LV propagated to the third passage in CRL 1 1 17 1 cells. Cell control inoculum consisted of mock-infected CRL 1 1 17 1 cell culture fluids that were processed in an identical manner to virus fluids. Cell culture fluids were used at 5 ml/dose. All pigs were inoculated intranasally.
Immunohistochemistry
Tissues were fixed in 10% neutral buffered formalin for 1-7 days and routinely processed to paraffin blocks in an automated tissue processor. IHC were performed on four blocks of lung tissue, which included eight pieces (1 x 2 cm) of lung: two pieces from the right anterior lobe, two from the right middle lobe, one from the ventromedial part of the right caudal lobe, one from the dorsomedial part of the right caudal lobe, one from the midlateral part of the right caudal lobe, and one from the accessory lobe of each pig. Three blocks of brain, which included one piece of the cerebellum, brain stem, midbrain, cerebrum, and pituitary, were used for IHC. IHC were performed on two pieces (1 x 2 cm) of the mediastinal, middle iliac, tracheobronchial, and mesenteric lymph nodes in separate blocks. Two pieces (1 x 2 cm) of the heart, pancreas, liver, kidney, tonsil, and thymus, which were each in separate blocks, were also examined by IHC. Two cross sections of ileum, turbinate, and adrenal gland in separate blocks were examined by IHC. One section of each of these blocks was examined.
PRRSV immunohistochemical staining was done as recently de~cribed.'.~ Sections were cut at 3 pm and mounted on poly-L-lysine-coated slides. Endogenous peroxidase was blocked by three 10-minute changes of 3% hydrogen peroxide. Blocking was followed by a Tris bath and digestion with 0.05% protease (Protease XIV, Sigma Chemical Co., St. Louis, MO) in Tris buffer for 2 minutes at 37 C. After another Tris buffer bath, blocking was done for 20 minutes with a 5% solution ofnormal goat serum. Primary monoclonal antibody ascites fluid diluted 1 : 1,000 in Tris/phosphate-buffered saline (Tris/PBS at 1 : 9) was added for 16 hours at 4 C in a humidified chamber. The monoclonal antibody SDOW-17 (Dr. D. Benfield, South Dakota State University) has been recently characterized and recognizes a conserved epitope of the PRRSV nucleocapsid After primary antibody incubation and a subsequent 5-minute Tris bath containing 1% normal goat serum, the slides were flooded with biotinylated goat anti-mouse linking antibody (Dako Corp., Carpinteria, CA) for 30 minutes. The sections were washed with Tris and treated with peroxidase-conjugated streptavidin (ABC, Zymed Laboratories, South San Francisco, CA) for 40 minutes and incubated with 3,3'-diaminobenzidine tetrahydrochloride (Vector Laboratories, Burlingame, CA) for 8-10 minutes. Sections were then stained with hematoxylin. Immunohistochemical controls consisted of sections treated with normal mouse serum diluted in Tris/PBS instead of the primary antibody. Tissues from uninfected control pigs also served as negative controls.
Antigen amount was given a ranked score of 0-4 as an estimate of the number of positive cells per section of tissue taken from each block: 0 = no PRRSV-antigen-positive cells, 1 = 1-10 positive cells, 2 = 11-30 positive cells, 3 = 31-100 positive cells, and 4 = > 100 positive cells. The scoring was done blindly (P. G. Halbur).
Statistical analysis
The IHC scores were subjected to statistical analysis of nonparametric data by the Kruskal-Wallis and Mann-Whitney U-tests.
Virus isolation
The same organs or tissues from each of the two pigs necropsied from each challenge group were pooled at 1, 2, 3, 5, 7, 15, 21, and 28 DPI. At 10 DPI, nine pigs were necropsied from each group and three pools of the same tissues from three pigs were made from each challenge group. Serum was also similarly pooled.
The MARC 145 cell line,I3 a permissive clone of MA-I04 cells, was used to isolate PRRSV from tissue suspensions and serum. Stock cultures were split at a ratio of 1 : 3 or greater and cultured in minimal essential culture medium plus 8% fetal bovine serum (FBS) in 25 cm2 flasks. Incubation before and after inoculation was at 37 C. A 20-30% tissue suspension was prepared in cell culture medium then centrifuged for 20 minutes. Some of the supernatant fluid was drawn into a syringe, and 1-2 ml was delivered into the flask through a syringe filter (0.45 nm). The growth medium was not discarded before inoculation. Gentamicin (75 lg/ml), penicillin G (250 units/ml), streptomycin (200 &ml), and amphotericin B (3 pg/ml) were added to the isolation medium. Inoculated flasks were incubated overnight, and the medium was discarded. Fresh maintenance medium containing 4% FBS was added to each flask, and flasks were incubated for 9 days, with observation for cytopathic effect (CPE) usually every other day. Cultures showing CPE were subpassaged to a new flask and Leighton tubes when more than half of the cells were affected. Flasks without CPE after 9 days were frozen and thawed and 1-2 ml of medium and cells was transferred to a new flask containing fresh maintenance medium. Second passage cultures were incubated 7-9 days and observed as before. Coverslips from the Leighton tube cultures were stained with the anti-PRRSV monoclonal antibody SDOW-17 and fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin and examined with a fluorescence microscope for evidence of specific viral antigens. Table 1 summarizes the number of specific tissues in which PRRSV antigen was detected at each postinoculation day for each treatment group. The sensitivity and specificity for the PRRSV IHC were calculated from the data in Table 1 . The sensitivity was determined by dividing the number of PRRSV antigen-positive lungs by the number PRRSV-inoculated pigs: 50/75 = 67%. The specificity was determined by dividing the number of control samples that were negative for PRRSV antigen by the number of mock-infected control pigs: 25/25 = 100%. Sensitivity improved to 95% (71/75) when tonsil was also tested. Table 2 summarizes the estimated amount of antigen in selected tissues, and Table 3 summarizes the cell types in different tissues that were positive for PRRSV antigen. No PRRSV antigen was detected in any tissues from the control pigs.
Results

Immunohistochemistry
PRRSV antigen was detected in 22/25, 14/25, and 14/25 of the lungs from the VR2385-, VR2431-, and LV-inoculated pigs, respectively. PRRSV antigen was almost exclusively within the cytoplasm of alveolar macrophages ( Fig. 1 ) and infrequently was seen within the cytoplasm of mononuclear cells within the alveolar septa. Some of the positive macrophages within the septa resembled intravascular macrophages. Less intense antigen staining was detected rarely in cells that resembled sloughed type 2 pneumocytes. PRRSV antigen was occasionally detected within macrophages or among necrotic debris in bronchiolar lumina. The bronchi or bronchiolar epithelium did not stain for PRRSV antigen. PRRSV antigen was detected in the lung as early as 1 DPI and for as long as 28 DPI (Table  1 ). The anterior and middle lobes were considerably more reliable for antigen detection. PRRSV antigen was detected in 22/25 anterior and middle lobes, 17/ 25 accessory lobes, and 14/25 caudal lobes ofVR2385inoculated pigs. For VR243 1, 15/25, 1 1/25, and 4/25 of the anterior and middle, accessory, and caudal lobes were PRRSV antigen positive, respectively. For LV, 11/25, 8/25, and 3/25 of the anterior and middle, accessory, and caudal lobes were PRRSV antigen-positive, respectively. When antigen was detected, it usually was associated with inflammation, in particular with large macrophages and necrotic debris within alveolar spaces that were often at least partially lined by hyperplastic and hypertrophied type 2 pneumocytes. The distribution of antigen in the lung was very patchy. Often, antigen was not detected in extensive areas of interstitial pneumonia typical of PRRS. A score was given to estimate the number of PRRSV antigen-positive cells in each section ( Table 2 ). In the lung, this score peaked at 3-10 DPI and was higher in the VR2385-inoculated pigs than in the other two groups.
PRRSV antigen was detected in the hearts of 9/25, 2/25, and 3/25 of the VR2385-, VR243 1 -, and the LVinoculated pigs, respectively. PRRSV antigen-positive cells were seen at 3-15 DPI and were few and patchy in distribution. These cells were similar to endothelial cells lining small capillaries or lymphatics and similar to macrophages scattered between myocytes. It was not unusual to see very severe myocarditis and fail to detect PRRSV antigen in the section. One section (two pieces) of each of the mediastinal, tracheobronchial, mesenteric, and medial iliac lymph nodes of all the pigs was examined immunohistochemically for PRRSV antigen. More of the VR2385-inoculated pigs (1 4/25) had PRRSV antigen detected in the lymph nodes. Less of the VR243 1 -inoculated (1 O/ 25) and LV-inoculated (l0/25) pigs were positive. The mediastinal lymph node was most consistently positive. Intense and specific staining was most often seen within cells in germinal centers that were hyperplastic and focally necrotic. PRRSV antigen-positive cells were detected in the central zone and corona and less often in the mantle zone. The positive cells were round, polygonal, stellate, or irregular in shape with one or two large round nuclei and abundant cytoplasm. Most of the positive cells resembled macrophages or den-Vet Pathol 33:2, 1996 dritic cells (Fig. 2) . Many of the more round macrophagelike antigen-positive cells in the follicles were swollen and vacuolated and contained tingible bodies (Fig. 2) . PRRSV antigen was much less frequently detected in smaller macrophages in the perifollicular lymphoid tissue and in the connective tissue trabeculae. When fluid-filled spaces were seen, PRRSV antigen was detected within macrophagelike cells near the borders of the spaces. Antigen was detected within lymph nodes as early as 1 DPI and for as long as 28 DPI. The largest estimated amount of antigen was detected in the lymph nodes at 2-7 DPI. The VR2385-inoculated pigs consistently had the largest amount of antigen detected in the lymph nodes at 1-10 DPI ( Table 2) . PRRSV antigen was detected in 25/25, 21/25, and 23/25 pig tonsils from the VR2385, VR2431, and the LV-inoculated pigs, respectively. Antigen was very patchy in distribution in the tonsils and was most readily detected within and closely surrounding the crypt epithelium and within follicles. In the crypt epithelium, the PRRSV antigen was present in the cytoplasm of large round or irregularly shaped cells that resembled macrophages or epithelial cells (Fig. 3) . Cells similar to dendritic cells, large macrophages within hyperplastic lymphoid follicles, and macrophages in the surrounding hyperplastic lymphoreticular tissue contained the PRRSV antigen. Large macrophages among debris within the tonsillar crypts were less often positive for PRRSV antigen. Those cells that were positive were usually very intensely brown; however, the total number of positive cells within a positive tonsil often ranged from five to 20. Finding these positive cells required methodical and thorough examination of the entire tonsil section. PRRSV antigen was detected in the tonsils from 1 to 28 DPI. The tonsil was the tissue most often positive for PRRSV antigen in all three treatment groups. VR2385-inoculated pigs had the largest estimated amount of detectable antigen in the tonsils at 3-5 DPI; otherwise, the amount of antigen detected was consistently low for all the treatment groups throughout the 28-day experiment.
PRRSV antigen was detected in thymus in 9/25, 6/25, and 2/25 of the pigs inoculated with VR2385, VR243 1, and LV, respectively. The PRRSV antigenpositive cells were most often in the medulla and were round or triangular, resembling macrophages ( Fig. 4 ). There were also several antigen-positive cells that were stellate and had at least one long cytoplasmic process more characteristic of interdigitating cells (Fig. 4) . A few scattered tingible body macrophages in the cortex and unidentified multinucleated cells in the medulla 
Fig. 2.
Lung; pig inoculated 10 days previously with PRRSV VR2385. Alveolar macrophages stain intensely dark brown for PRRSV antigen. ABC immunoperoxidase, hematoxylin counterstain. Bar = 2 1 km.
Germinal center, lymph node; pig inoculated 7 days previously with PRRSV VR2385. PRRSV antigen was detected within tingible-body macrophages (arrow) and cells similar to dendritic cells (arrowhead). ABC immunoperoxidase, hematoxylin counterstain. Bar = 2 1 hm. also stained positive for PRRSV antigen. PRRSV antigen was detected from 2 to 21 DPI in the thymus. There was only a small amount of antigen present in thymus in the VR2431-and LV-inoculated pigs, whereas from 2 to 7 DPI there were moderate numbers of positive cells in thymus in the VR2385-inoculated pigs.
The spleen in 10/25, 1/25, and 7/25 of the pigs inoculated with VR2385, VR243 1, and LV, respectively, contained PRRSV antigen-positive cells. The positive cells were usually in the white pulp. Macrophages and cells similar to dendritic cells within follicles contained dark-brown granular PRRSV antigen in the cytoplasm ( Fig. 5 ). Fewer oval, fusiform, or irregularly shaped antigen-positive cells were detected in the marginal zone. These cells most resembled macrophages or reticular cells. It was rare to find macrophage-like cells in the red pulp, which stained positive for PRRSV antigen.
Intestinal villi lesions were not seen; however, PRRSV antigen was seen in the ileum of 13/25, 11/ 25, and 8/25 of the VR2385-, VR243 1-, and the LVinoculated pigs, respectively. PRRSV antigen was most often detected in large macrophages and dendritic cells in Peyer's patches and within similar cells in the domes (Fig. 6 ). The positive macrophages often contained tingible bodies. It was rare to find single macrophages or a cluster of PRRSV antigen-positive macrophages randomly scattered in the lamina propria of villi. Two to five small brown granules of antigen were seen within villus or dome epithelial cells in areas where antigen was present in subepithelial macrophages (Fig. 6 ). PRRSV antigen was detected as early as 1 DPI and for as long as 21 DPI. Antigen was most intense from 2 to 5 DPI and particularly so in the VR2385-inoculated pigs.
We failed to detect PRRSV antigen in the liver or kidney of the VR243 1or LV-inoculated pigs. PRRSV antigen was detected in the liver and kidney of 5/25 ofthe VR2385-inoculated pigs. Four pigs were positive in both organs. PRRSV antigen was detected within Kupffer cells and sinusoidal macrophages in the liver.
Few round, polygonal, stellate, or fusiform cells in the renal medulla and pelvic interstitium stained positive for PRRSV antigen. The antigen was detected from 2 to 7 DPI in small amounts in both the liver and kidney.
PRRSV antigen was detected in the adrenal glands of6/25,2/25, and 3/25 ofthe VR2385-, VR2431-, and LV-inoculated pigs, respectively. Very low numbers of positive macrophages were observed in the adrenal medulla from 3 to 10 DPI.
PRRSV antigen was detected in turbinates of 1/25, 1/25, and 0/25 of the VR2385-, VR2431-, and LVinoculated pigs, respectively. PRRSV antigen in the turbinates was within round to oval or irregularly shaped cells in the mucosal epithelium and in the submucosa. These cells most resembled macrophages. No PRRSV antigen was detected in the brain, pituitary gland, or pancreas of any virus-inoculated pigs.
Statistical analysis of IHC scores for the various tissues by the Kruskal-Wallis test and Mann-Whitney U-test showed significant differences in the amount of PRRSV antigen in the anterior (P < O.OOl), middle (P < 0.0001), and caudal (P < 0.01) lung lobes, the mediastinal (P < 0.05) and middle iliac (P < 0.05) lymph nodes, and in the tonsils (P < 0.05). The VR2385inoculated pigs had significantly more PRRSV antigen detected in the anterior ( P < O.OOl), middle (P < 0.0001), and caudal (P < 0.01) lung lobes, the mediastinal lymph node (P i 0.05), and the tonsil (P < 0.05) than was detected in the same tissues of the VR243 1or LV-inoculated pigs. Significantly more antigen ( P < 0.01) was also detected in the iliac lymph nodes of the VR2385-inoculated pigs than was detected in the same lymph node of the LV-inoculated pigs. No significant difference in the amount of PRRSV antigen in any tissue was found between the VR243 1and LV-inoculated pigs.
Virus isolation
Tissues from two or three pigs from each group were pooled at each postinoculation day. PRRSV was isolated from all of the serum pools and nearly all of the lung and tonsil pools of all virus-inoculated pigs from t Fig. 3 . Tonsil; pig inoculated 5 days previously with Lelystad virus. PRRSV antigen was detected within pleomorphic cells (arrowheads) in the crypt epithelium. ABC immunoperoxidase, hematoxylin counterstain. Bar = 70 pm. Fig. 4 . Thymic medulla; pig inoculated 5 days previously with PRRSV VR2385. PRRSV antigen was detected in macrophages (small arrow), cells that resemble interdigitating cells (large arrow), and multinucleated cells (arrowhead). ABC immunoperoxidase, hematoxylin counterstain. Bar = 2 1 Fm. Fig. 5 . Spleen; pig inoculated 10 days previously with Lelystad virus. PRRSV antigen was detected in cells similar to dendritic cells in the white pulp. ABC immunoperoxidase, hematoxylin counterstain. Bar = 10 pm. Fig. 6 . Ileum; pig inoculated 3 days previously with PRRSV VR2385. PRRSV antigen was detected within macrophages (arrows) in the domes and as small granules in intestinal epithelial cells (arrowheads). ABC immunoperoxidase, hematoxylin counterstain. Bar = 70 pm.
Halbur, Paul, Frey, Landgraf, Eernisse, Meng, Andrews, Lurn, and Rathje Vet Pathol 33:2, 1996 pool; Br = brain pool. 1 to 28 DPI (Table 4 ). PRRSV was isolated from lymph node pools of all of the VR2385-inoculated pigs, 7/11 of the VR243 1 -inoculated pigs, and 8/ 1 1 of the LVinoculated pigs. In the spleen pools, 9/11, 8/11, and 8/11 pools were positive by virus isolation for VR2385, VR243 1, and LV, respectively. PRRSV was isolated from 10/11, 3/ 1 1, and 6 / 1 1 pooled intestinal samples from the VR2385-, VR243 1-, and LV-inoculated pigs, respectively. In brain tissue pools, 5 / 1 1,4/ 1 1, and 1 / 1 1 were positive for VR2385, VR243 1, and LV, respectively. PRRSV was isolated from 8/ 1 1, 9/ 1 1, and 9/ 1 1 heart tissue pools from the VR2385-, VR2431-, and LV-inoculated pigs, respectively. PRRSV was not recovered from any control pigs.
Discussion
Statistically significant differences in virulence of the three isolates used as inocula in this experiment have been documented.'O The VR2385 isolate of PRRSV was found to be highly virulent and induced significantly more severe clinical disease and gross and microscopic lung lesions than did the VR2431 or LV isolates. l o PRRSV was recovered from more tissues and PRRSV antigen was detected in more tissues of the VR2385-inoculated pigs. Significantly more antigen was detected in the lung, lymph nodes, and tonsils ofthe VR2385-inoculated pigs. The cell types in which PRRSV antigen was detected and the distribution of antigen within particular tissues and organs were generally similar for all three viruses despite differences in virulence.
PRRSV was isolated from all serum pools of the pigs in all three virus groups from 1 to 28 DPI. IHC and virus isolation results demonstrate that PRRSV and PRRSV antigen are widespread in the respiratory and lymphoid system of the pig by 24-48 hours. The virus persists in the tonsil, lung, and serum for at least 28 days. Prolonged viremia, despite the presence of high serum antibody response as measured by the immunoperoxidase monolayer assay or indirect immunofluorescent antibody assay (IFA), is a common feature of PRRSV infection.24J9. 30,34.35 Most of the treatment pigs in our study had IFA titers 2 1 : 320 by 15 DPPO and yet were viremic for at least 28 days. Serum antibodies against PRRSV as detected by a modified serum virus neutralization test appear at 1 1-2 1 DPI,24,35 but apparently these antibodies are at low level or are ineffective at neutralizing PRRSV in vivo.
IHC demonstrated that PRRSV primarily infects cells of the macrophage/monocyte/dendritic lines. This hypothesis needs to be confirmed by electron microscopy and by identification of specific cell markers, perhaps by double-labeling IHC. Monocytes, macrophages, and dendritic cells are all important antigen-presenting cells (APCs) that are especially rich in major histocompatibility complex (MHC) class I1 glycoproteins. These APCs present antigen to the immune system by complexing proteins to the MHC class I or I1 glycoproteins located on their cell surfaces.' Destruction of these APCs by either the virus or by activated lymphocytes, or the inability of these cells to present viral antigens in an appropriate way to the appropriate lymphocytes may decrease the ability ofthe immune system to mount an effective humoral or cell-mediated immune response to the PRRSV. Further research is needed on the effect of PRRSV on presentation of antigen by infected macrophages. Studies to compare the cell-mediated immune response generated by PRRSV isolates of various pathogenicities would also help to increase our understanding of PRRSV immunopathogenesis.
The presence of PRRSV antigen in cells resembling interdigitating cells in the thymus also needs further research. Interdigitating cells are thought to be a type of APC that is rich in MHC I1 antigens.I6 These cells in the thymus are important for selecting out cells that react against self-antigen. Destruction of interdigitating cells in the piglet may increase the potential for development of immune-related or autoimmune diseases. Continual presence and replication of PRRSV in the thymus may also play a role in the development of immunotolerance to PRRSV. PRRSV antigen was detected within endothelial cells and macrophages in the heart but not within cardiac myofibers. PRRSV antigen was not detected in endothelial cells in any tissue other than the heart. Why myocardial endothelial cells are unique in this respect requires further investigation. Endothelial swelling and vasculitis were also features of the encephalitis in some pigs; however, no PRRSV antigen was detected by IHC in the brains of any of the pigs. Perhaps the virus is present in the endothelial cells in the brain and other tissues but at a titer lower than can be detected with current IHC.
Severe myocarditis was present in the absence of detectable PRRSV antigen. There are two general mechanisms thought to be involved in viral myocarditis in humans; direct viral cytotoxicity or initiation of a cell-mediated immune reaction, which then damages the cardiac myofibers that contain virus-dictated antigens.33 Myofiber damage is an important feature of human viral myocarditis but is not a feature of PRRSV-induced myocarditis detectable with the light microscope. Inflammation is a feature of PRRSV-induced myocarditis, and the inflammation often persists after virus is apparently cleared from the myocardium, suggesting the possibility of an autoimmune reaction. In some cases of Coxsackie virus infection of humans, a population of effector cells are generated that are cytotoxic for uninfected myofibers. l 2 The possibility of immune-mediated or autoimmune myocarditis in PRRSV-infected pigs deserves further research.
The success of isolation of PRRSV from rectal swabs of experimentally infected pigs has been limited,29 which has implications for shedding and transmission of PRRSV. We detected PRRSV antigen in Peyer's patches, domes, and lamina propria of the small intestine during the same time period (1-15 DPI) and within the same cell types as in the lymph nodes. Small aggregates of antigen were detected within the intestinal epithelium. These findings suggest that PRRSV is present primarily in the gut-associated lymphoid tissue and if shed into the lumen of the intestine it is likely within macrophages or vesicles that transverse the intestinal epithelium. PRRSV antigen was detected in the domes and Peyer's patches at the first sampling period (24 hours) in the VR238 5-inoculated pigs. The possibility remains that the domes may serve as a portal of entry of PRRSV should the virus survive passage through the upper gastrointestinal tract.
The pathogenesis of PRRSV-induced respiratory disease is probably mostly due to destruction of alveolar macrophages. Reduction in the numbers of alveolar macrophages in PRRSV-infected pigs has been r e p~r t e d ;~~,~~,~~ the proportion of macrophages in the lavage was reduced from 95 to 50%. PRRSV infection of alveolar macrophages also induced a dramatic increase in inflammatory cytokine expression and a significant suppression of nonspecific bactericidal activ-This PRRSV-induced reduction in the number and function of alveolar macrophages probably predisposes pigs to secondary bacterial infections, which are commonly reported in PRRSV-infected pigs,4,5,36 as has been demonstrated experimentally in pigs inoculated with PRRSV and Streptococcus suis.6 Type 2 pneumocyte hypertrophy and hyperplasia is a hallmark lung lesion of the most virulent isolates we have studied, but we have been unable to specifically detect PRRSV antigen within type 1 or type 2 pneumocytes lining alveolar septa, perhaps because of a lack in sensitivity of the IHC and low virus numbers in these cells. Alternatively, proliferation of type 2 pneumocytes may be the result of damage to the more numerous and more mature type 1 pneumocytes by enzymes and cytokines released by PRRSV-induced lysis of macrophages and monocytes in the alveolar spaces and septa. The release of enzymes and cytokines after lysis of alveolar macrophages may also serve as a source of chemoattractants and may stimulate the inflammatory response. Pneumocytes are known to have phagocytic ability, and the rare presence of PRRSV antigen in what appear to be sloughed pneumocytes may be the result of engulfment of lysed macrophage debris.
PRRSV antigen has been detected in bronchiolar epithelium and alveolar septa1 cells in frozen sections of l~n g s .~,~~ Damage to different levels of the mucociliary clearance mechanisms has been demonstrated.3,5,9J0,26 Nasal mucosal epithelial cell loss and degeneration and lymphoplasmacytic inflammation and edema have been reported after experimental inoculation with some PRRSV i s~l a t e s .~,~~~J~ Bronchiolar epithelial vacuolation, swelling, degeneration, and necrosis have been inconsistently reported.26 Destruction of bronchiolar cilia and vacuolation of epithelial cells has been observed by electron micro~copy;~ however, similar changes generally are not apparent by light microscopy in natural or experimental cases of PRRSV infection. In natural cases of pneumonia submitted to the Iowa State University Veterinary Diagnostic Laboratory (ISU-VDL) in which necrotizing bronchiolitis is observed, concurrent infection with other viruses such as swine influenza or porcine respiratory coronavirus can usually be demonstrated (P. G. Halbur et al., unpublished observations) .
Detection by IHC of PRRSV antigen in the lung of experimentally infected pigs was moderately sensitive (67%) and highly specific ( 100°/o). The sensitivity of IHC for antigen detection in the pig improved to 95% when tonsil was also tested. In clinical cases submitted to the ISU-VDL, both formalin-fixed lung and tonsil are requested for processing together in one or two blocks for testing by PRRSV IHC. Decreased sensitivity of IHC in clinical cases is in part a result of examination of fewer sections and autolysis of tissues.
As previously reported,l5 we have found that the distribution of antigen in the lung can be quite multifocal despite the more diffuse interstitial pneumonia lesion. The results of this study indicate that PRRSV antigen is more likely to be present in the anterior and middle lung lobes, so selection of tissues from these areas is preferred. The virus distribution may be diffuse but virus numbers may be too low for detection with IHC.
We have also attempted examination of sections of frozen lung and other tissues for PRRSV antigen by direct and indirect IFA using monoclonal and polyclonal sera and have encountered unacceptable background staining. The slides from IHC are easier to read with the light microscope, and antigen can be correlated with lesions and cell type. Some laboratories do, however, use the IFA on tissues from clinical cases. 36 Other obvious advantages of the IHC are the ability to do retrospective studies and the ability to detect antigen in lungs with severe secondary bacterial infections, which may make these tissues unsuitable for virus isolation.
The sensitivity of virus isolation from two-pig serum pools over the 28-day period was loo%, from lung was 97%, and from tonsil was 97%. In clinical cases at the ISU-VDL however, IHC is more sensitive than virus isolation, probably because of the loss of viability of the virus in processing, packaging, and transporting tissues to the laboratory and the contamination of the specimens with other organisms, which makes isolation difficult.
The IHC used in this study was useful for detection of PRRSV antigen in tissues taken from pigs inoculated intranasally with one of two US PRRSV isolates or the European Lelystad virus. The cell types in which PRRSV antigen was detected and the distribution of antigen within particular tissues and organs were generally similar for the different virus-inoculation groups despite differences in virulence. PRRSV viremia is established within 24 hours, and the virus becomes widespread primarily within macrophage/monocyte/dendritic cells throughout the respiratory and lymphoid system by 48 hours and persists in these tissues for at least 28 days. Pneumonia likely results from the lysis of alveolar macrophages, compromised alveolar macrophage function, and inflammation in response to the enzymes and cytokines released by damaged macrophages. The ineffective immune response that allows for prolonged viremia and persistent infection may be the result of widespread damage to antigen-presenting cells, within which PRRSV antigen was consistently demonstrated.
